Cesium oligomers are formed on helium nanodroplets which are doped with one or a few Cs atoms. The monomer absorption of the first electronic p←s transition upon laser excitation is probed. Spectra employing laser-induced fluorescence, beam depletion, and resonant photoionization are compared. In particular, mass-resolved photoionization allows us to specifically probe excitation induced processes such as, e.g., the formation of cesium-helium exciplexes. Absorption spectra of Cs dimers and trimers are recorded in the spectral region accessible by a Ti:sapphire laser. Assignment of dimer spectra is achieved by comparison with model calculations based on ab initio potentials. Electronic absorption lines of Cs trimers are attributed to transitions in the quartet manifold.
I. INTRODUCTION
In order to study fundamental properties of atoms, molecules, clusters, and complexes, experiments at very low temperatures can be advantageous compared to room temperature studies in several directions. On one hand, in complex entities the number of thermally populated states can be reduced by several orders of magnitude, allowing unambiguous assignment in spectroscopic measurements. On the other hand, tiny barriers and tunneling mechanism gain importance and may determine interaction and reaction processes between constituents and become accessible in this way. Furthermore, peculiar properties such as magnetism on the nanoscale, superconductivity, quantum degeneracy, or even Bose-Einstein condensation may be present only in a low temperature environment.
Helium acts as an ideal low temperature matrix because it provides the lowest temperatures in a liquid, isotropic, very weakly perturbing environment.
1 Experiments in bulk liquid helium have been hampered by the problem of injecting and, because of the high mobility, keeping molecules isolated in the liquid. Hence, so far, the only spectroscopic results of chromophores in bulk helium were obtained from laser sputtered metals.
2, 3 The p←s electronic transitions of alkali atoms and, in particular, the excitation of the Cs D 1 and D 2 line played a central role in experimental studies probing the interaction of these impurities with the surrounding helium. 4 -7 Generally the large broadening and shifting of the lines was understood within the ''bubble model. '' 3 For further understanding the observed broadened absorption lines, several theoretical studies have been stimulated, involving both density functional, 8 path integral 9 as well as ab initio methods. 10 In particular the doubly shaped Cs D 2 excitation line has been an issue and bore different interpretations.
Fluorescence measurements of the lighter alkalies ͑Li, Na, and K͒ failed in bulk helium because of the formation of excited alkali-helium complexes ͑exciplexes͒ which appeared to decay nonradiatively. On the other hand, experiments of alkali-doped helium nanodroplets, successfully probed the lowest p←s transitions of the lighter species ͑Li, Na, and K͒ ͑Refs. 11 and 12͒ some time ago, later on also Rb ͑Ref. 13͒ and recently also higher excited states (7p←6s) of Cs were probed. 14 The crucial difference to the experiments in bulk helium is that the alkalies are located at the surface of the droplets, sensing only a significantly reduced interaction with the helium. The formation of exciplexes was nicely confirmed from their free fluorescence emission for Na, 15 K, 16 and Rb ͑Ref. 13͒ because they desorb from the helium surface during the formation process. Formation times have been determined in timecorrelated photon counting experiments 17 as well as applying femtosecond pump-probe spectroscopy. 18, 19 In connection with EDM experiments ͑search for permanent electric dipole moments͒, Cs atoms implanted into solid helium have been investigated 20, 21 providing further knowledge about Cshelium interaction mechanisms. In those experiments the formation of exciplexes has been recently confirmed. 22 Finally alkali-helium exciplexes formed in cold helium gas 23 should be mentioned in this context.
The spectroscopy of alkali dimers and trimers on the surface of helium nanodroplets has already been demonstrated to gain valuable information on spectroscopic a͒ Electronic mail: franks@physik.uni-bielefeld.de data. 24, 25 The dissipation of binding energy upon formation of molecules on the surface of the droplets leads to strong preference of weakly bound systems which are the high-spin states in alkali molecules. 25 In this way, for the first time Na and K trimers in quartet ground states were identified. 26, 27 With accompanying ab initio calculation insight on the nonadditivity of van der Waals interactions was obtained. In this paper we extend such measurements to Cs oligomers, in this way testing available ab initio dimer potentials of heavy alkalies. Absorptions of Cs dimers in the frequency range probed here have been found before as satellite bands of the Cs D 2 line measured in a heat pipe. 28, 29 Finally, an interesting direction in this line of work is the study of mixed alkali dimers 25 which we recently extended to mixtures containing heavier alkalies.
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II. EXPERIMENT
Helium droplets are generated using our helium droplet beam apparatus used before and described elsewhere. 31 A schematic overview is given in Fig. 1 . In short, helium gas of high purity is expanded through a nozzle 5 m in diameter at a stagnation pressure of 60 bar and a nozzle temperature around 21 K, generating helium droplets containing Ϸ5000 He atoms on average. 32 The droplet beam is doped with Cs atoms in a separate pickup chamber, thermally evaporating the bulk metal in an oven. Depending on the oven temperature one or more alkali atoms are picked up consecutively by the droplets. The doped superfluid droplets cool by evaporative dissipation of energy which leads to a terminal temperature of 380 mK. 33 Several detectors are available to record absorption spectra:
͑a͒ Laser-induced fluorescence ͑LIF͒ absorption spectra are taken registering the total fluorescence light emerging from the intersection volume of laser and droplet beam and focused onto a photo multiplier tube ͑PMT, Hamamatsu R943-02͒. The sensitivity of the PMT has a lower frequency cutoff around 11 100 cm Ϫ1 . Because excitation frequencies are already at that limit, in particular red-shifted fluorescence emission is suppressed by this detection method. ͑b͒ Beam depletion ͑BD͒ spectra are obtained monitoring the intensity of the doped droplet beam in forward direction by means of Langmuir-Tailor ͑LT͒ surface ionization detection. 34 Alkali atoms and molecules are only very weakly bound ͑binding energy Ϸ10 cm Ϫ1 ) to the surface of helium droplets. Upon electronic excitation the alkalies desorb which leads to a decreased LT signal. Depletion on the order of 30% can be reached under the conditions of our experiments. ͑c͒ Resonant 2-photon ionization ͑PI͒ has been employed overlapping the output of an Ar ϩ laser operated multiline in the visible region with the tunable infrared beam. Both beams were mildly focused onto the droplet beam. The ions are extracted perpendicularly to droplet and laser beam, and detected in a channeltron electron multiplier ͑CEM͒. ͑d͒ Mass resolved photoionization ͑MSPI͒ was achieved by laser ionization within the ion source of a commercial quadrupole mass spectrometer. The quadrupole mass selector was oriented in the direction of the droplet beam.
In all cases a laser beam of a tunable continuous wave Ti:sapphire laser intersects the droplet beam perpendicularly. The laser was tuned with a spectral resolution of Ͻ1 cm Ϫ1 ; however, the linewidth of the laser is expected to be much narrower. The absolute wavenumber was given by a commercial wavemeter having 0.01 cm Ϫ1 accuracy. Lock-in amplification as well as computer control of the apparatus assisted collection of data.
III. ABSORPTION OF CESIUM MONOMERS
In order to record spectra of Cs monomers attached to helium droplets the oven temperature was set to such a low value ͑348 K͒ that the probability of picking up more than one Cs atom is low, and dimer and trimer absorptions do not contribute to the measured intensities. In Fig. 2 , PI spectra of the Cs D 1 and D 2 lines ͑transition 6p 1/2 ,6p 3/2 ←6s 1/2 ) are plotted. The spectra are very similar compared to the corresponding absorptions of Rb attached to helium droplets measured by Brühl, Trasca, and Ernst et al. 13 The D 1 line appears as a single, broad, slightly asymmetric profile, whereas the D 2 line has somewhat more transition strength and evolves a pronounced shoulder at higher wavenumbers. Analogous to the lighter alkalies the width and position of the lines exhibit the surface location of the metal atoms. One can directly compare the spectra to absorptions recorded in bulk superfluid helium 4 to see the difference to the bubble effect around a submerged Cs atom. There, the shift of the D 1 line amounts to Ϸ250 cm Ϫ1 , compared to only Ϸ50 cm Ϫ1 in our spectrum. Importantly, we also see a double peak structure of the D 2 line.
To interpret the corresponding different components it is valuable to compare mass selected spectra taken in our machine. Indeed, this detection method unfolds individual contributions to the absorption profile. The signals recorded by detector ͑d͒ on mass 133 amu ͑Cs͒ and 137 amu ͑CsHe͒ reveal the respective contributions ͑Fig. 2͒. Apparently the blue shoulder of the D 2 line is mainly generated by excitations leading to direct desorption of single atoms, whereas excitation in the maximum of the line leads to formation of exciplexes. In order to get quantitative information on the amplitude, the width and shifts of the individual components, we fit Gaussian functions to the mass-resolved spectra. The corresponding parameters are given in Table I .
First of all, one has to note that we see exciplex formation upon excitation of the D 1 line. This is in contrast to the observation that RbHe exciplexes have not been detected exciting the corresponding fine structure subband. 13 The latter finding fitted very well in the accompanying model calculations. The D 1 absorption recorded on the Cs mass in our experiment is shifted 50 cm Ϫ1 from the gas phase transition in comparison to 31 cm Ϫ1 shift of the CsHe absorption. Following the interpretation of Nakatsukasa, Yabana, and Bertsch 8 the D 1 line of atoms in bulk helium is expected to consist only of a single component because of the spherical symmetry of jϭ1/2 states. Interestingly, our spectra resolve two contributions, one forming an exciplex, the other one not.
The given interpretation presumes that the detected CsHe complex is formed upon excitation in the p state and is not a result of the Cs ϩ ion picking up a helium atom: Cs ϩ He N →(CsHe) ϩ He (NϪ1) . In this case successive desorption leads to detection of (CsHe) ϩ cations. Because we observe spectrally distinct features on the Cs and the CsHe mass, this would mean that different D 1 excitation energies result in a different excitation of the helium environment ͑phonons, ripplons, or rotons͒, and the number of the produced (CsHe) ϩ ions then is determined by the competing dynamics of desorption of Cs ϩ and the dynamics of the Cs ϩ ϩHe reaction. Strong He droplet surface excitation on the blue side of the excitation line suppresses in this case the (CsHe) ϩ ion yield because of the reduced lifetime of Cs* and Cs ϩ due to evaporation. In order to experimentally exclude the detection of (CsHe) ϩ resulting from Cs*He exciplexes we used femtosecond laser pulses ͑full width at half maximum FWHM Ϸ100 fs), in this way forming Cs ϩ ''directly'' on helium droplets. Independent of the laser frequency we find no (CsHe) ϩ intensities at comparable droplet beam conditions. Apparently ions picking up helium atoms do not play the significant role of the detected alkali-helium complexes. Finally, recent experiments of Cs-doped solid helium clearly confirm the formation of CsHe exciplexes upon D 1 excitation 22 which underlines the interpretation given above.
As far as the D 2 line is concerned, the first maximum turns out to have the same position and width in both massselected traces. However, the further blue-shifted intensities again evolve different shifts. Although the ''CsHe spectrum'' FIG. 2. Photoionization spectra of Cs monomers attached to helium nanodroplets. In the top panel the bold black curve shows the ion yield measured with detector ͑c͒. The two lower panels give the intensities of detector ͑d͒ selecting the mass of Cs ͑133 amu͒ monomers and CsHe exciplexes ͑137 amu͒, respectively. Gaussian fits to the mass-resolved spectra are plotted in gray. The corresponding parameters are given in Table I . The dotted lines indicate the gas phase transitions. is not fitted well by a single Gaussian in the blue tail, the absorption in the tail of the spectrum does not resemble the maximum which dominates the spectrum taken on the Cs mass. Opposed to the interpretation that the doubly shaped Cs lines in bulk superfluid helium are due to a dynamic Jahn-Teller effect because of a quadrupole oscillation of the surrounding bubble, 7 Nakatsukasa, Yabana, and Bertsch 8 conclude from their line broadening calculations that the individual components of the Cs D 2 line come from different shifts of contributing states involving different orientations (m states͒. Keeping in mind that the formation of exciplexes versus desorption of atoms has been attributed to the alignment of excited states towards the helium surface, 15,35 our measurements clearly point to the latter interpretation. The Cs*He spectrum, associated with a parallel axis of symmetry of the electronic wave function with respect to the surface of the He bubble, is dominated by the low-energy spectral component. The directly desorbing Cs atoms, excited when the electronic wave function is oriented perpendicular to the He surface, features only a small peak at low energies and favors larger blue detuning.
In conclusion, it turns out that the ''doubly shaped'' integral D 2 absorption ͑Fig. 2͒ consists of at least three contributions. Since none of the above mentioned models gives a suitable interpretation for this observation the results can further be compared with ab initio calculations, 36 where a liquid helium environment is treated as a statistical collection of discrete clusters of varying small sizes. The authors, again, obtain two main bands in the case of D 2 absorption in the smoothed envelope. However, they calculate several intense lines contributing to the spectrum and one might even weakly recognize a triplet contour. Refined calculations are indicative in order to come to a conclusive picture of the individual features of the measured spectra.
IV. SPECTRA OF CESIUM OLIGOMERS
A. Assignment of lines to oligomer sizes
At elevated alkali density in the oven more than one Cs atom is picked up by the helium droplets. In this way dimers, trimers and larger clusters can be formed on the surface of the droplets. 25, 26 In the accessible frequency range of the Ti:sapphire laser several features emerge at higher oven temperatures ͑Fig. 3͒. From the different relative intensities of individual peaks at different oven temperatures one can conclude that apparently different sizes of molecules are contributing. In order to assign the number of involved atoms to a certain intensity one can evaluate the measured intensities as a function of density in the pickup region. During their flight through the scattering cell the helium droplets capture statistically a certain number of atoms, corresponding to the density of dopants in the oven. Varying the density, i.e., the oven temperature, the measured intensities follow Poissonian distributions, the order of which determines the number of picked-up molecules. 37 Figure 4 shows such distributions recorded at the frequency positions indicated in Fig. 3 . The experimental distributions fall into three groups, each having a different maximum position and a particular curvature at low densities. These groups correspond to monomers, dimers, and trimers, respectively. In contrast to common analysis a direct comparison with the Poissonian function is not shown because spectral features are not well separated which gives cross talk between different sizes in the measured curves, e.g., one can clearly see the dimer maximum in the tail of the monomer distribution because at position ͑1a͒ at higher oven temperatures the dimer signal takes over. All data points plotted as symbols in Fig. 4 are extracted from absorption spectra which have been recorded at different oven temperatures. The lines are measurements, where at a fixed laser frequency the oven temperature has been varied. Fig. 3 ͑1a: 11 740 cm Ϫ1 , 2a: 12 000 cm Ϫ1 , 3a: 11 100 cm Ϫ1 , 3b: 12 290 cm Ϫ1 , and 3c: 12 590 cm Ϫ1 ). Lines represent measurements parking the laser at the corresponding frequency; symbols show data points extracted from absorption spectra taken at different oven temperatures. The given vapor pressure is calculated from the oven temperature reading using a parametrized function ͑Ref. 42͒.
B. Cesium dimer spectra
As indicated in Fig. 3 , the individual maxima of the spectrum can be assigned to dimer and trimer absorptions, respectively. Unfortunately, because of the heavy mass of Cs atoms and the corresponding low vibrational energy spacing, we do not vibrationally resolve transitions. Since up to date all experimentally observed strong absorptions of alkali molecules attached to helium droplets have been high-spin transitions ͑dimers; triplet states; trimers; quartet states͒, we expect also the Cs high-spin molecules to appear in the spectra. Indeed the feature ͑2a͒ can be assigned to transitions in the triplet manifold. In the correct picture including spin-orbit coupling, the spin in the excited state is no longer a good quantum number. In this way states are identified by the projection of the total angular momentum ⍀ ͓Hunds coupling case ͑c͔͒. However, the calculated potentials show that the transitions relevant to our measured intensities are still dominated by triplet character at the corresponding internuclear distance. To extract the dimer absorptions from the overlapping spectra of different oligomers, MSPI spectra were taken on mass 266 amu ͑Fig. 5͒. While in this way one can clearly suppress monomer absorptions, contributions from Cs trimers are still present ͑colored gray in Fig. 5͒ because the alkali quartet molecules are known to fragment upon electronic excitation/ionization. 27 Using ab initio potentials from Meyer and Spies 38 and calculating the transition frequencies and corresponding Franck-Condon factors ͑FCFs͒ with Le Roy's LEVEL program 39 one would indeed expect three maxima in the region of the measured spectrum. The potentials relevant for transitions accessible by our laser are shown in Fig. 6 . Exciting from the triplet ground state only states correlating to the 6s6 p 3/2 and 6s5ds 3/2 asymptote lie in the correct energy region. The resulting calculated FCF's are plotted in the lower panel of Fig. 5 . All transitions have similar widths and comparable overlap integrals ͑intensities͒ which nicely correlate with the measured absorption yields. When comparing the calculated distributions with experiment one should keep in mind that statistical weighting factors and the transition moment function are not incorporated. For a better comparison we fit the measured spectrum with four Gaussian functions ͑cf. Table II͒ hence we attribute the shift in our case to the use of ab initio potentials. Because the ground state has its minimum at a larger internuclear distance in comparison to the excited states, a vertical transition ends up at higher vibrational levels in the upper states, i.e., the steep part in the potential wells. Therefore, the ground state properties are particularly important for absolute transition frequencies. For the same reason, calculated transitions using potentials from Jeung and co-workers 41 leads to significantly different transition frequencies. This sensitivity will allow for stringent tests of refined ab initio cesium dimer potentials through comparison with our measured spectra.
It is interesting to compare our findings with the observed satellite bands of Cs dimers observed in heat pipe experiments. 28 The authors find distinct absorption bands in a similar frequency region. They interpret line shapes and positions using a Fourier transform technique in the framework of difference potentials. Based on the same ab initio potentials, the authors interpret their findings with transitions to the same electronic states as done in our work. However, the experimental spectra are, as expected, quite different, because satellite bands in hot gases reflect different features of the electronic state manifold when compared to the excitation from a single vibrational state of the triplet ground state in our experiment.
C. Cs trimer spectra
All absorption features in Fig. 3 labeled with number 3 are attributed to trimer absorptions. Since ͑3b͒ and ͑3c͒ are separated by the same order of magnitude as the two fine structure components of the atomic transition, one is tempted to interpret the two lines as fine structure subbands as well. No calculations of quartet Cs trimer states are available for further assignment of the observed lines. However, in former attempts potassium and sodium trimer transitions in the doublet manifold could not be detected, even for known spectral positions. Therefore, we infer that the recorded intensities are likely to belong to quartet transitions as in the case of other alkali trimers attached to helium nanodroplets. In Fig. 7 Gaussian fits to the spectrum at elevated oven temperature are shown. The corresponding peak positions and widths of the identified Cs trimer transitions are included in Table III .
D. Fluorescence of Cs oligomers
Beam depletion spectra recorded simultaneously show similar line shapes as the photoionization spectra and thus provide no further insight. Detection of fluorescence intensities, however, can yield information on relaxation mechanisms of the laser-excited states. Even without spectrally resolving the fluorescence light, a comparison of spectra applying photoionization and fluorescence detection techniques provides further input on the interpretation of the observed transitions of alkali oligomers. The excitation energies are already at the lower limit of the sensitivity range of our PMT ͑cutoff around 11 100 cm Ϫ1 ). Therefore, any redshifted emission is detected with less probability or even not detected at all. The resulting distortion of a spectrum is apparent at the Cs monomer transition detected by means of LIF as shown in Fig. 8 , around 11 800 cm Ϫ1 . The formation of exciplexes leads to red-shifted emission which is not detected by the PMT. Hence the LIF spectrum contains only excitation processes that lead to desorption of Cs atoms. The spectrum thus nicely compares with the one recorded on the Cs mass applying MSPI ͑Fig. 2, middle͒, but not with the total absorption. The trimer peak around 12 600 cm Ϫ1 ͓formally labeled ͑3c͒ in Fig. 3͔ is completely missing in the fluorescence spectrum, indicating that relaxation does not include an emitted photon in the range տ11 100 cm Ϫ1 . In contrast to this, the trimer line around 12 270 cm Ϫ1 ͓formally labeled ͑3b͔͒ shows fluorescence in the detection band at the same line position and with equal shape as in the PI spectrum, but with decreased relative strength as compared to the the monomer absorption. The dimer emission ͑2a͒ is also strongly suppressed but clearly present in the fluorescence spectrum. The LIF spectra thus provide further input to the construction of appropriate molecular model potentials for the interpretation of spectra in terms of intermolecular transitions of cesium oligomers bound to helium nanodroplets.
V. CONCLUSIONS
For the first time the D 1 and D 2 lines of Cs atoms attached to helium nanodroplets have been measured and characterized. We compare different detection techniques and introduce mass-selected resonant photoionization to identify different contributions of the spectra. Excitation of the cesium monomers leads either to the formation of CsHe exciplexes or to a direct desorption of Cs atoms. It is the variety of detectors used in this experiment which disentangles the specific details in the observed laser-induced processes. Although different theoretical techniques have been applied before to interpret spectra of Cs in a liquid helium environment, the individual spectral contributions found in our measured spectra are still to be properly assigned on the basis of Cs-He dynamics on the helium surface. Absorption spectra of Cs dimers are observed and assigned to excitations of electronic states correlating with the 6s6 p 3/2 asymptote by comparison with transitions calculated from available ab initio potentials. The large shifts of the calculated spectra with respect to the measurements indicate that the used potentials are still to be improved before conclusions on the influence of the helium droplet on the dimer structure can be drawn. Absorption of Cs 3 appears in three prominent spectral lines. In analogy to measurements with lighter alkalis ͑Na and K͒ we attribute the transitions to high-spin ground state Cs trimers. We hope that our experimental findings stimulate further theoretical work, in particular on the dynamics of heavy alkali atoms on the surface of helium nanodroplets and on the properties of heavy-alkali dimers and trimers in high-spin states.
